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1 
Abstract — β-Ga2O3 is one of promising semiconductor materials that has been widely used in power electronics and ultraviolet 
(UV) detectors due to its wide bandgap and high sensitivity to UV light. Specifically, for the UV detection application, it has been 
reported that the photocurrent was in the scale of micro Amps (μA), which normally requires sophisticated signal processing units. 
In this work, a novel approach based upon coupling of two Schottky diodes has been designed, which demonstrates a much higher 
photocurrent in the mA range (~186 times higher than the classic Schottky diode design). The detectivity and responsivity of the 
new device have also been significantly increased. The rectification ratio of this device was measured to be 1.7 x 107 with ultra-
low dark current, when measured in the reverse bias. Those results confirm the approach of coupling two Schottky diodes has great 
potential in high performance deep UV sensor applications. 
 
Index Terms — Gallium Oxide, Photodetector, Deep UV, Schottky Diode, Performance Improvement. 
 
 
I. INTRODUCTION1 1 
VER the past 5 years, significant international efforts have 2 
been conducted on new forms of ultraviolet (UV) 3 
photodiodes for a wide range of applications such as in the 4 
military, environmental, medical and industrial markets which 5 
require the sensor to operate in harsh situations [1]. The most 6 
common commercial UV photodiodes are Si-based, but these 7 
possess limited sensitivity at UV wavelengths [2]. Wide 8 
bandgap semiconductor materials, such as MgZnO and AlGaN, 9 
had been reported as an alternative to Si, but it remains a 10 
challenge to achieve good crystalline quality as a result of the 11 
heavy doping levels needed [3]. Gallium oxide (Ga2O3) stands 12 
out as an alternative material to UV photodiodes and has been 13 
the subject of intense recent research [4]. It can be manufactured 14 
with five crystallographic phases: α, 𝛽, γ, δ and ε, although the 15 
𝛽 phase (𝛽-Ga2O3) has been the most used in electronic devices 16 
applications due to its chemical and thermodynamic stability 17 
[5]. Furthermore, β-Ga2O3 has a very large breakdown field (Eb) 18 
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value and a wide bandgap, ~8 MV/cm and 4.9 eV [6], 19 
respectively. It is a promising material for power electronics 20 
and its ability to handle high electrical fields is greatly 21 
advantageous for the reduction of device size and enhancement 22 
of the integration level of power modules [7]. Aiming to explore 23 
these advantageous properties, many devices have been 24 
reported using this material as the active layer, for example: 25 
Schottky diodes [8], transistors [9], solar cells [10], gas sensors 26 
[5] and LEDs [11]. Most significantly, β-Ga2O3 is also an ideal 27 
candidate for deep UV sensing applications such as for solar-28 
blinds [12] because it eliminates the need to use interference 29 
filters [13] and achieves high values of rejection ratio of visible 30 
light [14,15]. This material also can be applied to biomedical 31 
area, detection of corona discharge, UV curing of 32 
paints/adhesives, machine vision, monitoring UV exposure for 33 
skin cancer, forensics, flame and chemical sensing [16]. 34 
One of the biggest challenges for manufacturing β-Ga2O3 35 
devices is to achieve a robust ohmic contact. This difficulty 36 
arises from the β-Ga2O3 surface due to the upward band bending 37 
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inducing electron depletion [17]. Yao et al reported Ti, In, Ag, 38 
Sn, W, Mo, Sc, Zn and Zr [18] as materials suitable for ohmic 39 
contact. Higashiwaki et al reported the first 𝛽-Ga2O3 transistor 40 
using Ti/Au as an ohmic contact [6], but to achieve this 41 
condition it was necessary to use reactive ion etching (RIE) with 42 
a mixture of BCl3 and Ar. Bae et al reported that this same 43 
Ti/Au contact also can be rectifier [19]. The later states that 44 
contact properties depend on the atmosphere in which the 45 
material is annealed because it is highly dominated by the 46 
formation of oxygen vacancies. The barrier height also seems 47 
to be affected by the interface states and impurities [7]. It has 48 
been showed that moderate annealing (~400 ºC) improves the 49 
Ti/Au ohmic behavior [18] and also tends to yield higher 50 
ideality factors in diodes [20], that is related to the high barrier, 51 
but Carey et al reported that Ti/Au (20nm/80nm) can presents 52 
high resistance Schottky behavior even if annealed at 300, 400, 53 
500 and 600 ºC [21]. The mixture of ohmic and Schottky 54 
contacts with the same material on the Ga2O3 devices may give 55 
rise to novel UV detecting devices with much improved 56 
performances. It was reported that the photocurrent of Ga2O3 57 
based UV detectors have been small (μA range) [15], which is 58 
probably attributed to the fact that achieving highly conductive 59 
Ga2O3 is challenging to manufacture.  60 
In this work, we report the performance of a 𝛽-Ga2O3 61 
Schottky diode in a planar architecture using Ti/Au as electrode 62 
for the ohmic and Schottky contact. This device showed 63 
promising properties both as a diode and as a deep UV 64 
photodetector. However, we are able to dramatically improve 65 
the performance (photocurrent) by inclusion of a third Ti/Au 66 
electrode, resulting in a two-diode coupled device. The 67 
influence of voltage bias at this third electrode was studied and 68 
the device exhibited substantial enhancement of all figures of 69 
merit of photodetectors in comparison to the Schottky diode.  70 
 71 
II. EXPERIMENTAL DETAILS 72 
β-Ga2O3 (010) wafer with thickness of 0.5 mm and face 73 
polishing obtained by edge-defined film-fed growth (EFG) 74 
method was purchased from Tamura Corporation®. The 75 
substrate was grown with Sn as dopant at a concentration of 76 
8.3x1018 cm-3. The substrate was thoroughly cleaned using 77 
acetone, isopropanol and dried with nitrogen followed by 78 
placing them 10 minutes on 150 C hotplate for complete 79 
dehydration. The contacts were patterned via a lift-off process. 80 
Samples were spin coated with 2 % PMMA 950K (EM Resists 81 
Ltd.) at 3000 rpm, exposed using electron beam lithography 82 
(EBL) at an acceleration voltage of 30 kV then developed using 83 
1:3 MIBK:IPA. To form the electrical contacts, a 20 nm Ti layer 84 
followed by a 100 nm Au layer were deposited on the surface 85 
of β-Ga2O3 wafer using physical vapor deposition (PVD). Fig. 86 
1a shows a picture of the device. After the electrode deposition, 87 
the sample was submitted to a rapid thermal annealing (RTA) 88 
at 400 ºC for 1 min in a N2 atmosphere at a pressure of 89 
approximately 1 mbar. Although all the contacts pads were 90 
prepared on the sample concurrently, they do not all have the 91 
same characteristics; some are measured as Schottky and others 92 
as ohmic, due to the gradient of distribution of interface states 93 
and impurities at the film surface, which is a common problem 94 
in β-Ga2O3 devices. 95 
Two types of devices were studied: 1) two-terminal devices, 96 
i.e a Schottky diode and 2) three-terminal device formed by the 97 
coupling of two Schottky diodes. The cross-section of both 98 
devises are presented at the Fig 1b, identifying which contacts 99 
are ohmic and which contacts are Schottky. The chosen pads 100 
design for the Schottky diode and for the photodetector form a 101 
planar structure with an active area of 0.02048 cm². An Agilent 102 
B2912A unit connected to a probe station was used to obtain 103 
current versus voltage (I–V) and current versus time (I–t) 104 
curves using it in the dark and deep UV (254 nm, 105 
1.58 mW/cm2), at room temperature and atmosphere. To 106 
calculate the photodetector figures of merit (FOM), the power 107 
density of the UV light was measured using a UV-enhanced 108 
photodiode purchased from Thorlabs (model FDS010). 109 
 110 
 111 
 112 
 
 
Fig 1. a) Photograph of the β-Ga2O3 device and b) cross sectional diagram showing the cross-section of the β-Ga2O3 devices of te coupled 
Schottky diode (top) and conventional Schottky diode (below) 
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III. RESULTS AND DISCUSSION 116 
A. Results of Schottky diode experiments 117 
Fig. 2a presents the I−𝑉 characteristics of the 𝛽-Ga2O3 118 
Schottky diode in the dark and under UV irradiation. In the 119 
dark, this curve presents a typical rectification behavior 120 
expected for Schottky diodes by the following equation: 121 
             𝐼 = 𝐴𝐴∗𝑇2 exp (−
𝑞𝜙𝐵
𝑘𝑇
) [exp (
𝑞𝑉𝑑
𝑛𝑘𝑇
) − 1]             (1) 122 
where q is electron charge, 𝜙𝐵 is Schottky barrier height, 𝑉𝑑 is 123 
applied voltage, k is Boltzmann constant, T is temperature, 𝑛 is 124 
ideality factor, A is effective area and 𝐴∗ is effective Richardson 125 
constant. This 𝛽-Ga2O3 Schottky diode exhibited good 126 
rectifying properties with a high rectification ratio of (𝑅𝑅 =127 
𝐼𝑓𝑜𝑟𝑤𝑎𝑟𝑑/𝐼𝑟𝑒𝑣𝑒𝑟𝑠𝑒) 9.16𝑥10
6 between ±10 V, a forward turn-128 
on voltage of around 2 V and also a low current under reverse 129 
bias (~10-11 A). The series resistance (𝑅𝑠) was calculated as 130 
9.6 𝑘Ω using the Cheung’s method (𝑅𝑠 =
𝑑𝑉
𝑑𝑙𝑛𝐼
𝑞
𝑛𝑘𝑇
 ) [22]; the 131 
large 𝑅𝑠 is syntomic by the non-ideal Ti/𝛽-Ga2O3 contact. 132 
Under UV exposure (254 nm, 1.58 mW/cm2), the 133 
photodiode exhibits a significant change in the current under 134 
reverse bias (see Fig. 2). To evaluate the performance of this 135 
device as a deep UV photodetector, figures of merit were 136 
calculated, in particular: responsivity (𝑅𝜆), external quantum 137 
efficiency (𝐸𝑄𝐸), detectivity (𝐷∗) and PDCR (photo to dark 138 
current ratio). The responsivity and EQE were estimated using 139 
equations 2 and 3, respectively: 140 
                                               𝑅𝜆 =
𝐽𝑝ℎ
𝑃𝑑
,                                          (2) 141 
                                  𝐸𝑄𝐸(%) =
𝑅𝜆ℎ𝑐
𝑞𝜆
𝑥100,                              (3) 142 
with 𝐽𝑝ℎ being the photocurrent density, 𝑃𝑑 the power density 143 
of the incident light, ℎ the Planck’s constant, 𝑐 the speed of 144 
light and 𝜆 the exciting wavelength. The calculated values of 145 
responsivity and EQE were 0.0125 A/W and 6.12 %, 146 
respectively. Detectivity and PCDR were used to characterize 147 
the response of our sensors and were calculated using 148 
equations 4 and 5, respectively. Consequently, the calculated 149 
detectivity and PDCR of the Schottky diode was measured at 150 
1.02x1012 Jones and 4.26x104, respectively. 151 
 152 
                                         𝐷∗ =
𝑅𝜆
√2𝑞𝐽𝑑𝑘
,                                       (4) 153 
                                     𝑃𝐷𝐶𝑅 =
𝐼𝑢𝑣 − 𝐼𝑑𝑘
𝐼𝑑𝑘
,                                 (5) 154 
From the results above, this diode exhibits sensing 155 
behaviour for deep UV detection, but it presents a poor 156 
responsivity, when compared to state-of-the-art performances 157 
in the literature. The likely reason for this is the poorer quality 158 
a 𝛽-Ga2O3 formed as a result of the PVD process used in this 159 
work, which could be overcome by using the more established 160 
epitaxially grown processes.  161 
 162 
Fig. 2: I-V curves of the β-Ga2O3 Schottky diode in the dark and under UV 163 
light. 164 
 165 
In the context of the next section, it is important to 166 
understand the physical mechanism for the generation of 167 
photocurrent in this device. Around the proximity of the  168 
Schottky contact in 𝛽-Ga2O3 devices, there are traps due to 169 
oxygen deficiency and, under deep UV exposure, the 170 
photogenerated pair disassociates, leading to the holes being 171 
trapped in the oxygen vacancies, preventing recombination with 172 
the electrons and increasing the depletion layer  [23]. These 173 
mechanisms can be represented by the follow equation, where 174 
UV is the incident photon and 𝑉𝑜 is an oxygen vacancy:  175 
                                    𝑈𝑉 + 𝑉𝑜
0 → 𝑉𝑜
2+ + 2𝑒−.                         (6) 176 
The change in the charge concentration near the Schottky 177 
contact increases the internal electric field and lowers the 178 
effective Schottky barrier in the reverse bias, thus leading to an 179 
increase in the current [13]. Using the Cheung’s method, it was 180 
calculated a lowing effect of 0.2 eV (the barrier changed from 181 
0.94 eV in the dark to 0.74 eV under UV light).  182 
 183 
B. Results of coupled Schottky diode experiments 184 
In order to improve performance and achieve higher FOM 185 
values, the device was modified by coupling to a third Schottky 186 
electrode. In the inset of Fig. 3a, a schematic equivalent circuit 187 
is presented of this novel configuration. Fig. 3a shows the I−𝑉 188 
characteristics of the coupled Schottky diode in dark, where the 189 
voltage level of the third electrode (𝑉𝑡ℎ𝑖𝑟𝑑) is modified from 0 V 190 
to 9 V. Those curves continue to show a typical rectification 191 
behavior expected for a Schottky diode and it also presents a 192 
high current of 2 mA in the forward bias. Moreover, when 193 
different levels of the third voltage was applied, it was possible 194 
to adjust the turn-on voltage, from around 2 V to around 7 V, 195 
although all curves reach approximately the same maximum 196 
current due to limitations in the bulk limited region. Fig. 3b 197 
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4 
shows that the turn-on voltage has a linear relationship with the 198 
voltage level at the third electrode.  199 
Fig. 3c shows the I−𝑉 characteristics of the coupled 200 
Schottky diode in the dark and under deep UV (254 nm, 201 
1.58 mW/cm2) for different voltage biases at the third electrode 202 
(from 0 V to 9 V). In the dark, this device has low current in 203 
reverse bias and reaches milliamps in forward voltage bias, 204 
evidenced by the high rectification ratio of 1.76𝑥107 at ± 10 V 205 
and 9 V at the third electrode. This rectification ratio does not 206 
change significantly in the dark, even when varying voltages 207 
biases are applied at the third electrode. Furthermore, this 208 
increase in the level at the third electrode does not affect 209 
significantly the current in the reverse bias in the dark. 210 
 
 
Fig. 3: a) I-V characteristics of the coupled Schottky diode in the dark under varying voltage biases at the third electrode with (inset) equivalent circuit of the coupled 
diode. b) Turn-on voltage versus voltage appied at the third electrode at V = −10 V. c) I - V characteristics of the coupled Schottky diode in the dark and under UV 
irradaiton at different voltage biases at the third eletrode. (d)  Photocurrent versus third electrode voltage at V = −10V. 
 
Under UV irradiation, it is evident that the photocurrent 208 
increases significantly in the reverse bias leading to higher 209 
photocurrents. Fig. 3d shows that the logarithmic value of the 210 
photocurrent has increases linearly with 𝑉𝑇ℎ𝑖𝑟𝑑, i.e. the coupled 211 
Schottky diode leads to increase the photocurrent, resulting in a 212 
much higher value than can be achieved from a Schottky diode. 213 
The photocurrent (𝐼𝑢𝑣 − 𝐼𝑑𝑘) at 254 nm, 𝑉𝑇ℎ𝑖𝑟𝑑 = 9 𝑉 and 𝑉 =214 
−10 𝑉 was 75.3 μA, which is 186 times greater than the 215 
photocurrent observed in the single Schottky diode reported in 216 
Fig. 2.  217 
The internal electric potential difference is impacted by the 218 
presence of the third electrode which seems to shift the diode 219 
bias by an amount equal to the change in On-voltage. This is 220 
supported by Fig. 4, which presents a 2D simulation of the 221 
electric potential profile for the coupled Schottky diode at 222 
reverse bias. The third electrode creates a potential gradient 223 
between the Schottky and third electrode leading increased 224 
electron-hole pairs formation in this region. Thus, a higher 225 
voltage bias applied to the third electrode corresponds to greater 226 
efficiency in charge collection and, consequently, greater 227 
photocurrent. 228 
 229 
Fig. 4: 2D simulation of the electric potential profile for a 230 
coupled Schottky diode at reverse bias.” 231 
 232 
 233 
To evaluate the photoresponse, measurements were made in 234 
order to obtain the rise and decay time constants. Fig. 5a shows 235 
the current as a function of time measurements (I-t) for the 236 
coupled Schottky diode, with 𝑉 = −10 𝑉, in the dark and under 237 
illumination, varying the level at the third electrode. To obtain 238 
the rise time constant, curves were fitted using by the following 239 
equation under UV light exposure: 240 
                                     𝐼(𝑡) = 𝐼𝑜 + 𝐴𝑒
−𝑡/𝜏𝑟 ,                                 (7) 241 
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where Io and A are constants, t is the time, and 𝜏𝑟 is the rise time 242 
constant.  243 
At 𝑉𝑡ℎ𝑖𝑟𝑑 = 0 𝑉,  the rise time was found as 70.50 s. 244 
However, when the level at the third electrode was changed, not 245 
only the photocurrent increases, but also it was possible to 246 
achieve better rise times, with the fitted value for rise time being 247 
measured as 29.38 s at 𝑉𝑡ℎ𝑖𝑟𝑑 = 9 𝑉. Fig. 5b summarizes the 248 
differences in the rise time and photocurrent as a function of the 249 
bias on 𝑉𝑇ℎ𝑖𝑟𝑑; with the highest value of 𝑉𝑡ℎ𝑖𝑟𝑑(9 𝑉), it is 250 
possible to achieve the shortest rise time constant and highest 251 
photocurrent, as highlighted in red. This change in time 252 
constant is related to the change in the internal potential as 253 
illustrated in Fig. 4. When the electron-hole pair is formed by 254 
the incident deep UV irradiation and it is dissociated, those 255 
charges are accelerated by this potential resulting in a shift that 256 
increases with the voltage level. 257 
After the UV light is switched off, the current as a function 258 
of time (I-t) changes to a bi-exponential relationship. Likewise, 259 
the decay time constant was obtained for each curve, after 260 
turned-off the UV source, can be modeled using the following 261 
equation [24]: 262 
                 𝐼(𝑡) = 𝐼𝑜 + 𝐴𝑒
−(𝑡−𝑡𝑜)/𝜏𝑑1 + 𝐵𝑒−(𝑡−𝑡𝑜)/𝜏𝑑2 ,             (8) 263 
where B and 𝑡𝑜 are constants, 𝜏𝑑1 and 𝜏𝑑2 are the first and 264 
second decay time constant, respectively.   265 
266 
 267 
Fig 5: a) Rise and decay curves for photocurrent ( I – t) of the coupled 268 
Schottky diode in the dark and under UV for different voltages bias at the 269 
third eletrode, and b) Rise time and photocurrent versus voltage at the third 270 
electrode. 271 
 272 
The first decay time constant (𝜏𝑑1) was found to be 0.86 s, 273 
which probably relates to the recombination of the electrons 274 
formed in the conduction band with the holes from 275 
recombination centers present in the material, or from a band-276 
to-band annihilation process [25]. The second time constant 277 
(τd2) was found to be 10.17 s, which is a much slower 278 
component and can be attributed to deep traps [25] that 279 
generates a persistent photocurrent effect [26]. Both rise and 280 
decay times do not change with the applied voltage at the third 281 
electrode.  282 
 283 
Fig. 6: Responsivity, external quantum efficiency (EQE/(η) and detectivity as 284 
a function of third electrode voltage (VThird) for the coupled Schottky diodes. 285 
 286 
Overall, the coupled Schottky diodes showed an enhanced 287 
in the photodetector figures of merit. The responsivity and EQE 288 
of the simple Schottky diode have presented 0.0125 A/W and 289 
6.12 %, respectively. By the insertion of the third electrode with 290 
𝑉𝑡ℎ𝑖𝑟𝑑 = 0 𝑉 bias, those values increased to 0.153 A/W and 291 
74.88 %, respectively. However, by applying a greater voltage 292 
bias at the third electrode, the potential is enhanced increasing 293 
the photocurrent generation leading to higher values of both 294 
parameters, with maximum of 2.34 A/W and 1145.24% at 295 
Vthird = 9 V, respectively. More than 100% in EQE can be 296 
achieved if the internal gain increases with the voltage [27]. It 297 
can be related to changes in the depletion layer at the junction 298 
[28].  299 
Fig. 6 shows the responsivity, EQE and detectivity as a 300 
function of the voltage bias on the third electrode. In terms of 301 
the detectivity, the simple Schottky diode has achieved a value 302 
of 1.02x1012 Jones that was improved to 5.18x1012 Jones for the 303 
coupled diode with 𝑉𝑡ℎ𝑖𝑟𝑑 = 0 𝑉, which increased to 304 
5.45x1013 Jones at 𝑉𝑡ℎ𝑖𝑟𝑑 = 9 𝑉. The PDCR of the simple 305 
Schottky diode was obtained as 4.26x104 at 254 nm, that was 306 
improved to 6.09x104 for the coupled diode with 𝑉𝑇ℎ𝑖𝑟𝑑 = 0 𝑉 307 
and 𝑉 = −10 𝑉 and increased to 6.38𝑥105 when 𝑉𝑇ℎ𝑖𝑟𝑑 = 9 𝑉, 308 
which is a high light/dark ratio and represents an increase of one 309 
order of magnitude compared to the simple Schottky diode. The 310 
dark current has a negligible change during UV exposure from 311 
10-11 to 10-10 A, which provides an attractive noise floor that is 312 
competitive with almost all UV detectors [24].  313 
 314 
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TABLE I: 
COMPARISON OF THE PARAMETERS TO EVALUATE THE PERFORMANCE OF THE DEVICE AS DEEP UV PHOTODETECTOR WITH DIFFERENT 
VOLTAGE BIAS AT THE THIRD ELECTRODE. 
 
Simple Schottky 
diode 
Coupled diode with 
𝑽𝑻𝒉𝒊𝒓𝒅 = 𝟎 𝑽 
Coupled diode with 
𝑽𝑻𝒉𝒊𝒓𝒅 = 𝟗 𝑽 
Responsivity (A/W) 0.0125  0.153 2.34  
EQE (%) 6.12 74.88 1145.24 
Detectivity (Jones) 1.02x1012 5.18x1012 5.45x1013 
PDCR 4.26x104 6.09x104 6.38x105 
Idk reverse bias (A) 1.0x10-11 8.1x10-11 1.1x10-10 
 
Finally, we summarize the performance differences of the 311 
Schottky diode versus the coupled Schottky diode. Tab I 312 
provide a direct comparison of the control device (Schottky 313 
diode) versus the novel coupled-diode device reported in this 314 
paper. It is clear that the best performance is achieved using the 315 
coupled-diode device, in particular when the third terminal is 316 
biased to the highest possible voltage (in our case this was tested 317 
to 𝑉𝑇ℎ𝑖𝑟𝑑 = 9 𝑉). When comparing to the state of the art, 318 
Nakagomi et al [29] reported a diode with extremely low rise 319 
and decay time, but it responsivity was 0.053 A/W, which is 320 
better than our simple Schottky diode, but with the coupled 321 
Schottky diodes, we achieve a responsivity of 2.34 A/W. Kong 322 
et al [30] reported a high responsivity of 39.3 A/W, but it rise 323 
time was 95 s which compares unfavorably to our results 324 
29.38 s. The FOMs that are most prominently above the state of 325 
the art are the PDCR and dark current reinforcing the fact that 326 
the coupling of two diodes is a promising result for deep UV 327 
sensor applications. Further studies should be conducted upon 328 
the coupled devices to measure the responsivity as a function of 329 
wavelength; this might lead to higher responsivity values than 330 
those reported in this manuscript 331 
 332 
IV.  CONCLUSION 333 
The work reports the UV sensing behaviour of a 𝛽-Ga2O3-334 
based coupled Schottky diode. This device exhibited good 335 
properties as rectification ratio, low dark current in reverse bias 336 
and a high forward current of 2 mA. The use of three terminals 337 
device instead of the conventional two terminals simple 338 
Schottky diode enables a substantial improvement in 339 
performance. The diodes shown high PDCR and good values of 340 
responsivity, EQE and detectivity. From the results, we confirm 341 
that this novel configuration of a coupled Schottky diode has 342 
enormous potential for deep UV sensor applications. 343 
 344 
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